INTRODUCTION
The distribution of radionuclides with depth in marine sediments is poorly understood, and the study of the gamma radiation cores of sediments recovered by deep ocean drilling could provide a unique opportunity for studying some aspects of this distribution.
The D/V Glomar Challenger is equipped with a system wherein the total gamma rays emitted over a given period by cores are counted and recorded. Unfortunately, the system is a relatively "noisy" one, it has not been rigorously calibrated; and, it does not permit determination of the energy spectra of the gamma radiation.
However, on Leg 7 of the D/V Glomar Challenger the system provided data which permit some statements to be made concerning the general level of gamma radiation of the sediments penetrated.
This report summarizes and evaluates natural gamma radiation data collected on Leg 7, and attempts to interpret some of the findings.
METHODS
The natural gamma radiation of almost all sections recovered on Leg 7 of the D/V Glomar Challenger was measured by passing the unsplit core section through a natural gamma scanning system. The system used consists of (1) four shielded 3 by 3 inch scintillation detectors located 90 degrees apart in a plane normal to the length of the core section; (2) an incremented time step core transport mechanism set to advance a section through three inches per step each 1.25 minutes; (3) two dual input, single channel analyzers to accumulate total count rate; (4) a timing unit to regulate both core transport and counting times; (5) a digital to analog converter to supply the analog count rate to two strip recorders; and (6) a printer which yields a tabulation of total count. Details of the system are described by Evans and Lucia (1970) and by Maxwell etal. (1970) .
The unit includes neither a pulse-height analyzer nor a multi-channel analyzer, but measures the total count through a fixed window. Gamma rays having an energy equal to or greater than 0.3 Mev are passed and counted.
The gamma ray scanning device aboard the Glomar Challenger has not been rigorously calibrated. However, in most cases, two controls were run before the natural gamma radiation was measured on each core. The first was an "air" standard wherein the counter was left running with nothing in the scanner for a series of 1.25 minute readings. The second was a "water" standard wherein a series of natural gamma radiation measurements were made of a section of plastic core liner filled with sea water.
An arithmetic mean of the measurements of the air and water controls was obtained for each series of tests. These means are listed next to the appropriate sections in Table 1 and are plotted for the appropriate sections as a function of depth on Figures 1 through 6. Their frequency distribution is shown on Figure 10 . The means of the water control measurements range from 1379 to 1556 counts per 1.25 minutes; 88 per cent of the means are between 1450 and 1525 counts; and the median of these values is 1495. The mean air control measurements range from 1361 to 1616 counts per 1.25 minutes; 90 per cent of the controls are between 1400 and 1475, and the median of these values is 1445. The higher measurements for the water controls probably reflect radioactivity of the plastic liner and the seawater it contains.
When variations in the measurements of the controls are compared with the measurement of the gamma radiation of sections made immediately after the standards were run, no consistent correlation between background count and counts on the cores can be seen, even when the sediments show very low levels of radiation. Why there is no correlation is uncertain, but it may be that the cores provide more shielding against extraneous radiation in the laboratory entering into the access hole in the lead shielding of the system than does the open hole or even the water blank. The air controls reflect even less shielding effect than the water, and the wider range of mean values for the air controls reflects this. If these conditions prevail, the actual background count for sediment cores will be lower and less erratic than either the water or air controls.
On Leg 4 at Site 29 (Gealy and Gerard, 1970) , in-situ gamma radiation was measured with a calibrated logging tool. When the values so obtained were 312  274  273  274  270  265  305  296  288  297  336  310  318  333  302  293  314  268  275  310  314  318  318  269  352   Mean  Water  Control   1493  1516  1490  1490  1490  1490  1490  1505  1478  1478  1478  1478  1478  1520  1520  1520  1520  1520  1520  1520  1517  1491  1491  1491  1491   Mean  Air  Control   1455  1449  1486  1486  1486  1486  1486  1446  1439  1439  1439  1439  1439  1453  1453  1453  1453  1453  1453  1453  1409  1460  1460  1460 The uncertain reliability of the controls run in connection with gamma radiation measurements made aboard the D /V Glomar Challenger poses a problem in the selection of a background count by which raw measurements should be reduced. That the system is counting energy from sources other than from the sediment cores is clear. That the cores themselves provide some shielding against extraneous radiation in the laboratory seems likely. Attenuation of only seven per cent of the gamma rays providing the air background count of 1450 would result in the background count of 1350 derived from Leg 4 data. Because variations in the controls appear not to be reflected in the measurements on the cores themselves, we have elected to subtract a constant from the raw data, rather than either of the controls measured between cores. Further, because of the possible shielding effect of the cored materials, we have elected to subtract the minimum value of 1350 counts/1.25 minutes rather than the median values of either the water or air controls.
Thus, all raw gamma-ray data collected on Leg 7 in total counts have been corrected by subtracting a value of 1350 counts, and these corrected values are designated net counts. Net gamma ray counts are shown as a function of depth on the Core description Charts and the Site Summaries in Chapters 3 through 9. Values of net gamma counts as a function of depth are also shown on Figures 1 through 6 of this chapter.
The average of the net gamma-ray counts of the middle 16 to 20 increments in each section scanned were averaged. These averages are plotted on Figures 1 through 6 and are listed in Table 1 . Values of average net gamma radiation are repeated in the tables of physical and chemical properties at the end of Chapters 3 through 9.
Like other down-hole gamma ray tools in current use, the gamma ray tool used on Leg 4 was calibrated in test pits maintained by the American Petroleum Institute (A.P.I., 1959; W. B. Belknap et al, 1966) . The tools are calibrated in API units wherein the tool response is set to zero in a nonradioactive pit, and set to respond about 11.7 API units for each microgram of radium equivalent per metric ton.
If jn = natural gamma ray radiation of 1 microgram radium equivalent per ton, and 7 R = H 7 7 L and 7 C = 1350 + 40.8 y L , then 7 R = .2878 y Q -387.
The following concentrations of radioactive materials give about the same response as one microgram of radium per ton: 2.8 ppm uranium, 3.5 ppm thorium, and 2000 ppm potassium.
The volume of the sediment mass to which the natural gamma scanner is responding is uncertain. If it responds to the entire volume and only to the volume represented ny the 2.5-inch diameter core, 3 inches in length, 322 cubic centimeters are involved. Not considering attenuation by core materials, a net count of 650 would require a concentration of 2.65 per cent potassium, which is not unreasonable for some marine clays.
The amount of attenuation of the natural gamma radiation provided by the core material itself cannot be known in the absence of information about the energy spectra. However, if the gamma radiation is from the decay of K , at least 70 to 80 per cent of quanta with the original energy should be recorded by the crystals (Figures 11 and 12 ). This estimate is based on the following assumptions:
1) the photon energy of the radiation is 1.4 Mev;
2) the source of the radiation is a line at the axis of the cylindrical core;
3) the radius of the core is 3.125 centimeters; 4) the centimeters of material necessary to reduce the gamma rays by a factor of two is (after L. Slack, and K. Way, 1959) :
water (p = 1.00 gm/cm ) : Ti^ = 11.7 centimeters; concrete (p = 2.35 gm/cm ) : Tu = 5.5 centimeters; lead (p = 11.29 gm/cm 3 ) : T^ =1.15 centimeters.
In actual fact, many of the attenuated gamma rays will reach the crystals and be counted, and the fractions shown on Figures 11 and 12 should be considered minimum values only. Half thicknesses in grams per square centimeters can be derived from the relationship:
RESULTS

Relationship between Natural Gamma Radiation and Solid Fraction
It can be observed (Site Summaries, Chapters 3 through 9) that over short stratigraphic intervals the natural gamma radiation tends to decrease with an increase in porosity. In order to test the hypothesis that gamma ray producing elements may be confined largely to the solid phase of these marine sediments, the average net gamma count per section was plotted against the proportion of the total sediment occupied by solid constituents (1-0). The relationships for all sections at each site are shown on Figure 7 ; the relationships for all sections at all sites is shown on Figure 8 . Dixon and Massey (1957) .
Of the comparisons of arrays, those from Sites 62, 63 and 64-where lithologies are similar and the range of net solid components relatively wide-are most credible. The least squares regressions of the other arrays are of questionable value: Data from Site 66 are from both the radiolarian ooze and the pelagic clay; similarly, the composite least squares regression includes data from several different lithologies. Because of the very narrow range of net solid fraction of the radiolarian ooze from Sites 65 and 66, the least squares regression of these data is questionable. Values of net solid fraction are from about 0.10 to 0.20 and the standard error of estimate for (1-0) in the radiolarian ooze at Site 65 is 0.05.
Data from Sites 62, 63 and 64 show a decrease in gamma radiation with increase in fraction of solid components, which is in conflict with the observation over short intervals mentioned above. This decrease probably does not indicate a direct relationship, but may result from the fact that an overall decrease in natural gamma radiation with age is noted in rocks of similar type cored on this leg, and the fact that there is a general decrease in porosity with depth.
The net gamma count of the solid fraction of the sediments is listed for each section in Table 1 , and is shown plotted as a function of depth in Figures 1 through 6.
Gamma radiation of the net solid component displayed as a function of depth (Figures 1 through 6) shows a similar pattern at Sites 62, 63 and 64. The radiolarian ooze penetrated at Site 65 and Site 66 shows a much lower gamma radiation to solid fraction ratio than calcareous oozes of similar porosity. However, the gamma radiation of the pelagic clay penetrated at Site 66 is markedly higher (X 7) than that of either the radiolarian oozes or the calcareous oozes of similar porosity. According to Dreever (Chapter 17, this volume) the clay consists of about 40 per cent palygorskite, 30 per cent mica, 20 per cent montimorillonite, 5 per cent kaolinite and chlorite, and 3 per cent quartz.
Relationship between Natural Gamma Radiation and Noncarbonate Solid Component
Arrhenius and Goldberg (1955) note that the beta activity of a pelagic carbonate sediment based on its calcium-carbonate free weight is similar to that of nearby carbonate free pelagic clays. To test whether the radionuclides in these marine sediments might be confined largely to the noncarbonate solid component, the average net gamma count per section was plotted against the total net noncarbonate solid fraction of the section |/ynet/(l -0) (1 -CaCC^)], and the results for sediments at Sites 62,63 and 64 are shown on (Table  3) . Lines determined by least squares regression are shown on Figure 9 . Scatter in these data are high, which is not surprising considering the laboratory difficulties in measuring carbonate (see chapter on carbonate content, this volume) and the generally low level of gamma radiation of these cores. Furthermore, the overall decrease in net gamma radiation with depth undoubtedly obscures any relationship between net gamma count and net noncarbonate solid fraction. Nevertheless, it does appear that there is a correlation: the net gamma radiation increases in general with increased net noncarbonate solid fraction of the sediments. Values of net gamma radiation of the net solid fraction of the pelagic clay at Site 66 range from 6000 to 8000 counts.
RESULTS
Natural Gamma Radiation of Cores from Site 61
At Site 61 only 7 meters of core were recovered, and only Sections 1 and 2 of Core 61.1-1 were undisturbed enough to justify measuring natural gamma radiation. The cores were of an Upper Cretaceous stiff clay containing fragments of consolidated porcelanite. The mean net gamma count of Section 61.1-1-1 was 344, and that of Section 61.1-1-2 was 519 (Figure 1 ).
Natural Gamma Radiation from Site 62
Holes at Site 62 penetrated 581 meters of very pure nannofossil ooze-chalk with a sugary dolomite at the base. Sediments ranged in age from Quaternary to Late Oligocene. Almost all sections retrieved from both Holes 62.0 and 62.1 were scanned and a composite from the two sites yields a good profile ( Figure 2 ) from a depth of 5 meters to the total depth of 581 meters.
Three zones are detectable on the profile of total net gamma radiation: The first is a Late Quaternary zone of higher radioactivity (as high as an average of 918 counts in Section 62.1-1-2). The top of the second zone is between 10 and 35 meters below the sea floor (early Quaternary) and extends to 110 meters (Early Pliocene), where radioactivity is moderate (about 375 counts). In the third zone the radioactivity decreases steadily from about 330 at a depth of 120 meters (Early Pliocene) to about 105 counts at 490 meters (Early Miocene). The higher counts in the two upper zones may be related in part to lower carbonate content: The carbonate content averages about 60 per cent in the upper zone, about 75 per cent in the middle zone, and about 85 per cent in the lower zone.
Net gamma radiation exceeds 650 net counts at the following horizons: 62.1-1-2, entire section >650 net counts; 62. 1-1-3, 23-30 centimeters; 62.1-1-3, 84-91 centimeters; 62.1-1-3, 99-106 centimeters; 62.1-10-3, 38-61 centimeters; and, 62.1-10-5, 137-150 centimeters. These layers are probably more radioactive because they contain more volcanogenic material. Volcanic glass was noted (rare or common) in smear slides from Hole 62.0 (Cores 1, 2, 3, 4, 7, 8, 9, 10, 11 and 15) and from Hole 62.1 (Cores 2, 3 and 5) but no systematic investigation was made to determine the correlation between natural gamma radiation and volcanogenic content.
The net gamma radiation to net solid fraction also shows high radioactivity in the near surface Quaternary. It decreases steadily from 1370 counts at 35 meters beneath the sea floor to 200 counts at 500 meters, a decrease of 60 counts/M.Y. Fifty per cent of the net gamma radiation (on a net solid basis) is lost after about 11 million years.
The net gamma radiation to net noncarbonate solid fraction increases slightly from about 5000 counts at 35 meters beneath the seafloor to 5600 counts at 130 meters. Late Miocene sediments show both a generally higher gamma count (the average net counts of several sections exceeds 8000 counts) and there is more scatter in these data than in older and younger sediments. Below this interval, the net noncarbonate solid component shows a more or less steady decrease in gamma radiation from 3500 counts at 250 meters to 2000 counts at 500 meters.
Natural Gamma Radiation of Cores from Site 63
Three holes at Site 63 penetrated 566 meters of sediment consisting of about 30 meters of Quaternary Pliocene pelagic clay and marl overlying a very pure nannofossil ooze chalk ranging in age from Late Miocene to Early Oligocene. The upper thirty meters and the interval between 100 and 190 meters were cored continuously, but the rest of the section was cored only about once each 100 meters.
Despite the incomplete coverage, several zones of radioactivity can be noted. Cores from the PlioceneQuaternary marl-clay sequence are highly radioactive. The uppermost section just below the sea floor shows an average of 1580 net counts; the remainder of the section shows about 500 net counts. Cores from the underlying Miocene nannofossil chalk ooze show a relatively constant gamma radiation of about 250 net counts throughout most of the section. The interval between 100 and 125 meters is slightly more radioactive (as high as 428) and the cores at 230 meters show a net gamma radiation of only 193 counts. Below this the net gamma radiation decreases steadily from 193 counts at 230 meters to about 130 counts at 555 meters.
The net gamma radiation to net solid fraction is also high in cores from the Pliocene-Quaternary marl-clay sequence. The uppermost section shows an average of 6775 net counts, and cores from the remainder of the sequence about 3000 counts. Below this interval, the net solid fraction shows a steady decrease from about 670 counts at 65 meters to 215 counts at 555 meters, except for one Middle Miocene interval between 110 and 135 meters which shows a net count of about 1280.
Except for a layer at the surface and at 135 meterswhich show higher values, the net gamma radiation to net noncarbonate solid fraction shows a steady decrease in net gamma count from 4190 counts at about 10 meters to 1770 counts at 355 meters, in the Upper Oligocene. Average net gamma counts of the net noncarbonate solid fraction of cores from the interval below 355 meters are generally higher: about 3450 counts at 460 meters, and about 2400 counts in the interval between 535 to 560 meters.
Natural Gamma Radiation of Cores from Site 64
Holes drilled at Site 64 penetrated 985 meters of very pure nannofossil chalk ooze ranging in age from Quaternary to Middle Eocene.
As at Sites 62 and 63, the near surface sediments are more radioactive. Measurements on cores indicate that radioactivity of the ooze decreases steadily from an average of 230 net counts at 100 meters beneath the sea floor (Lower Pliocene) to 122 net counts at 500 meters (Lower Miocene). Below this the net gamma count is nearly constant to the total depth.
The net gamma radiation to solid fraction is also high for cores taken in the first 7 meters. Below this interval, the net gamma counts to solid fraction decrease steadily from 660 net counts at 100 meters to 270 counts at 500 meters. Below this, the net gamma counts to solid fraction remains relatively constant to the total depth.
The net gamma radiation to net noncarbonate solid fraction is also high above 7 meters (12,500 counts). Below this it decreases irregularly with depth from 7500 at 10 meters, to 5500 at 100 meters, to 5400 at at 200 meters, to 3000 at 300 meters. Below 300 meters the ratio remains about the same to a depth of 750 meters. Below this it decreases steadily to 1790 counts at a depth of 970 meters.
Natural Gamma Radiation of Cores from Site 65
Holes at Site 65 penetrated 187 meters of radiolarian ooze ranging in age from Quaternary to Middle Eocene.
The average net gamma radiation of cores from the radiolarian ooze decreases steadily from 340 counts at 10 meters to 225 counts at 160 meters. One unusually radioactive section (65.0-124) had an average net count of 503. The surface sediments were not cored.
The average net gamma radiation to solid fraction decreases in a more erratic manner. At 10 meters the count is 3800 and it decreases more or less regularly through Pliocene and Upper Miocene sediments to about 3100 in a Middle Miocene ooze at 57 meters. Below this, the count decreases abruptly to 1600 at 85 meters. Near the Lower Miocene-Upper Oligocene boundary, the counts increase to an average of about 3000 counts, and it is this interval that contains the radioactive layer mentioned above. Below this boundary, the average net gamma counts decrease to about 1400 and are near this value in the underlying Eocene sediments.
Except for a few layers of nannofossil-radiolarian ooze and impure silicified limestone between 125 to 140 meters, sediments penetrated at Site 65 are almost devoid to carbonate. Thus, the values of average net gamma radiation to net noncarbonate solid fraction are similar to the values of net radiation to solid fraction.
Natural Gamma Radiation of Cores from Site 66
Holes drilled at Site 66 penetrated 165 meters of radiolarian ooze ranging in age from Quaternary to Early Miocene, overlying about 25 meters of stiff fine-grained pelagic clay, Cretaceous in age. The natural gamma radiation of the radiolarian ooze is uniformly low, about 300 average net counts throughout. The pelagic clay is highly radioactive, average net counts range from 1630 to 2350, except in the lowest part. The base of the clay is rich in ferromanganese oxides and volcanoclastic sands, and is less radioactive than the overlying clay, averaging 900 counts.
In the radiolarian ooze, the natural gamma radiation to net solid fraction decreases from about 3500 average net counts at 25 meters to 2000 average net counts at 35 meters, and then increases slightly to 2000 counts at 120 meters. Except for the uppermost section, and intervals rich in ferromanganese oxides at the base, the Cretaceous pelagic clay has a high net gamma count to net solid fraction and it increases from about 4500 counts at 16.5 meters. Several sections in the interval from 70 to 85 meters show over 3000 net counts/net solid fraction.
The sediments penetrated at Site 66 are almost devoid of carbonate, and therefore the values of average net gamma radiation to net noncarbonate solid fraction are almost identical to the values of net gamma radiation to net solid fraction.
DISCUSSION
One of the several dozen radioactive isotopes occurring in nature, those of the uranium, thorium and protactinium series and potassium-40 produce almost all of the natural gamma radiation of marine sediments (Frielander, et al Cores of sediments recovered below this surface layer show a consistent and substantial reduction in natural gamma radiation with depth. For example, at Site 62 (Table 4) there is a loss of 69 per cent of the natural gamma radiation between 115 meters and 490 meters. On a total saturated sediment basis, 69 per cent of the natural gamma radiation is lost in 15 million years; on a dry basis, 77.5 per cent is lost.
Until the specific radioactive isotopes producing the gamma radiation and their ratios are determined, speculations concerning the observed decrease in gamma radiation are tenuous.
Some, but not all, of the reduction with depth in gamma radiation counted can be attributed to the increased attenuation of the gamma rays by the increase in density with depth ( Figure 12 ). If the dominant radionuclide is K^®, an increase in density from 1.6 to 2.2 would result in a reduction in gamma rays counted of less than 10 per cent.
If the radioactive nuclides were confined to the interstitial water, the reduction in interstitial water content with depth would account for the decrease in natural gamma radiation with depth. However, at Site 62 a reduction in natural gamma radiation of 69 per cent from 115 meters to 490 meters parallels a reduction in porosity of only 22.6 per cent, which is insufficient to explain all of the reduction in radioactivity. Further, over short intervals, the natural gamma radiation appears to increase with a decrease in porosity.
The reduction in natural gamma radiation with depth cannot be due to the decay of radionuclides in the sediments. At Site 62, on a total saturated sediment basis, 50 per cent of the gamma radiation is lost after 10.8 million years; on a dry basis, 50 per cent is lost after 9.7 million years. The loss in radiation at Sites 63 and 64 also indicate a rate of loss of about 50 per cent per 10 million years. No radioactive nuclides known have a half life which approximates 10 million years.
Changes in Initial Radionuclide Content
The decrease in gamma radiation with age may be due, at least in part, to a gradual increase with time in the initial radioactivity of the sediments at accumulation. Both the amount of radionuclides delivered to the ocean water mass by subaerial erosion, and the conditions favorable to their incorporation into sediments could vary with time.
The first possibility is supported by a study of sediments at the Guadalupe Site. Chow, Tatsumoto and Patterson (1962) show that the composition of authigenic lead and biogenic lead in sediments from this site changes with time. They state that the older lead, which may have been derived primarily from predominantly basalt-surface drainage during the Middle Miocene, is less radioactive than the average lead in the oceans and that post Miocene lead (derived primarily from drainage from crystalline plutons or their sedimentary equivalents) is more radioactive.
With regard to the second possiblity, there is evidence that changes in bottom circulation may result in changes in radionuclide content of the bottom sediments. Arrhenius (1963) notes that phosphates accumulating under reducing conditions are high in uranium, whereas those accumulating under oxidizing conditions have a low uranium content.
Loss of Radionuclides by Leaching and Advection
The decrease in radioactivity with depth may reflect gradual leaching and removal of radionuclides by advection of interstitial fluids as the sediments compact. Some earlier studies tend to support this hypothesis. Arrhenius and Goldberg (1955) analyzed a highly radioactive pelagic clay near the sediment surface, and found that the fine fraction, consisting largely of clay and hydroxide minerals, was as radioactive as a pure phillipsite fraction, in contrast to deeper pelagic clay samples, where the radioactivity was produced mostly by the coarser phillipsite-rich fractions. They conclude that a reduction in beta activity in the fine fraction with age resulted from leaching of unsupported ionium with time.
A study of recent and ancient carbonate sands by Haglund, Freedman and Miller (1969) shows that a consistent decrease in uranium content with consolidation occurs as aragonite and magnesium-rich calcite are removed. Koczy (1954) found an excess of radium over ionium in seawater and attributed this excess to the addition of uranium to the ocean water mass by diffusion from near surface sediments. Work by Bernat and Goldberg (1969) shows that there are movements of within the sedimentary column. First, the scanning system should be calibrated with nonradioactive blanks having a range of densities approximating those of cores processed.
Second, some means for determining the energy spectra of the gamma radiation of the cores should be incorporated with the system. Also, because of the disturbing effect of drilling and coring on recovered materials, an in-hole gamma ray logging program is strongly recommended. 
